The cationic conductances of purified bovine retinal rod membranes were studied by incorporation of vesicles into planar lipid bilayers. When the membranes were stripped of all peripheral proteins [guanine nucleotide-binding protein (G protein) and cGMP phosphodiesterase (3',5'-cyclic-GMP 5'-nucleotidohydrolase), EC 3.1.4.35], sodium and calcium fluxes were almost only observed in the presence of cGMP. Reconstitution experiments in which purified cGMP phosphodiesterase alone or with G protein were reassociated to the vesicles in proportions similar to those found in the native rod provide evidence for a direct interaction between the cGMP-dependent channel protein and the phosphodiesterase. (i) In its inhibited state, phosphodiesterase markedly stimulates the activity of the channels in the presence of cGMP (situation in the dark-adapted rod) but is not capable of activating the channels in the absence of cGMP. (ii) In the absence of cGMP, activation of the phosphodiesterase by G protein with GTP bound (equivalent to photoexcitation) induces the opening of cation channels that have the same conductance for sodium ions as cGMP-activated channels (20-22 pS, with two sublevels of about 7 pS and 13 pS).
Photoexcitation induces hyperpolarization of the plasma membrane of retinal rods. The light-sensitive sodium conductance is regulated by direct binding of cGMP (1) (2) (3) . Light-induced activation of the cGMP phosphodiesterase (PDE; 3',5'-cyclic-GMP 5'-nucleotidohydrolase, EC 3.1.4.35) via the transduction cascade [light -* excitation of rhodopsin activation ofguanine nucleotide-binding protein (G protein) with formation of the PDE activator GGTP (a subunit of G protein with GTP bound)] results in a reduction of the concentration of cGMP, which leads to the closing of sodium channels in the plasma membrane (reviewed in ref. 4 ). Several reports show that cGMP-activated channels are also present in the membrane of the discs (5) (6) (7) (8) (9) (10) (11) , although this has been recently questioned (12) . The characteristics of the channels have been described from patch-clamp (13, 14) and reconstitution experiments (15, 16) .
The cGMP-activated channels are studied here by incorporation of vesicles from bovine retinal rods into lipid bilayers. The results reveal the existence of a second regulation of the cGMP-activated channels by direct interaction with the phosphodiesterase.
METHODS
Proteins and Vesicles Preparation. G protein and PDE (Fig. 1) were prepared from purified bovine rod outer segments (18) as described (19, 20) . After several isotonic washes, which remove soluble proteins, PDE was extracted from bleached membranes with low-salt buffer and further purified
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with The PDE activity of each preparation was measured from the proton release associated with cGMP hydrolysis (22) in the presence of membranes (room light, 20°C, pH 7.5); in the absence of G protein, the turnover number was <120 s-1, whereas it ranged between 1500 and 3000 s-1 in the presence of 2 ,M G protein (30 nM NaCi in the trans chamber. Vesicles from purified rods ,ug/ml) were added to the cis chamber together with cGMP (unless otherwise specified). The volume of membranes or proteins added was <1% that of the cis chamber (1.5 ml). At the high ionic strength used, G protein and PDE have a strong affinity for the membranes (18) . Therefore, when studying the effect ofadded G and PDE, it is important to take into account not only the concentration of proteins -but also the ratio of protein to rhodopsin. The native PDE/rhodopsin and G protein/rhodopsin molar ratios are about 1-2:100 and 10:100, respectively (4) .
All experiments were carried out in room light at 20CC. Recording of Channel Activity and Analysis. Currents were recorded with a Bio-Logic RK-300 patch-clamp amplifier with a 10-GUf feedback head stage and a 300-Hz bandwidth. Potential values were defined as cis-chamber minus transchamber voltages according to the physiological convention. Chart records were filtered at either 30 or 100 Hz. Analysis was performed with Bio-Patch software from Bio-Logic. RESULTS cGMP-Dependent Activity. Vesicles from bovine rod membranes incorporated in room light into planar lipid bilayers contained cGMP-activated sodium channels ( (15) . Maintained activity was usually observed for 2-3 hr. Varying the calcium concentration in the cis chamber between 0.1 ,uM and 1 mM did not modify the sodium currents significantly in agreement with refs. 1 and 23. Reducing the cGMP concentration below 0.5 ,uM suppressed the channel activity, the half-activity effect being obtained for 5-15 ,uM cGMP. As described in refs. 3 and 15, bursts of activity consisting of channel-like events and/or high-amplitude spikes and flickering blocks were separated by total channel closure. In our experiments, active periods often alternated with silent periods, from a few seconds up to several minutes. Although channel closure has been observed even at cGMP concentrations > 50 ,uM in planar bilayers experiments (ref. 15 and this report), it has only been observed at low cGMP concentrations in patchclamp experiments (3, 13, 14) , the channels appearing permanently open at saturating cGMP concentrations (13, 14) ; at cGMP concentrations close to the KO.5, either the closed state (3) or the open state (13, 14) is predominent. This may be due to the number of channels: according to the authors, as many as 200 (13) to 800 (14) channels may be present within the patch area, whereas the amplitude of the currents in ref. 3 suggests that significantly fewer channels are observed; similarly, we have limited our studyto bilayers in which no more than 10 channels were incorporated.'Alternatively, it is possible that we are studying cGMP-activated channels from discs, which may have kinetic properties differing from those of plasma membranes. The main unitary cGMP-dependent sodium conductance deduced from our experiments was 20-22 pS, with a sublevel of about 7 pS (Fig. 3A) , in satisfactory agreement with refs. 13-16; we also could measure an intermediate conductance of about 13 pS, whose existence has been suggested (16) . The activity in the presence of cGMP was reversibly modified by 100 ,uM cis-diltiazem: high-amplitude flicker was markedly reduced, and single events (including sublevel events) were observed (Fig. 3B) .
The cGMP-dependent channels are by far the most frequent channels present in the membranes; when vesicles were incorporated in the absence of cGMP, a low-frequency badly resolved cationic conductance was occasionally observed; a chloride channel was observed once in a total of 95 successful incorporations.
Stimulation of cGMP-Dependent Activity by Inhibited PPE. Addition of purified inactive PDE after incorporation of vesicles in the presence of cGMP produced a drastic stimulation of the ionic currents (Fig. 2) . The effect of PDE was observed for PDE/rhodopsin ratios similar to the ratio measured in the native rod. The cGMP-dependent activity of the channel was observed for at least 30-40 min before addition of PDE, whose effect occurred within 10-20 min (no stirring) or within a few minutes when stirred. The activity then remained amplified until the end of the experiment (up to 40 min). The amplified cGMP-dependent activity in the presence of PDE also appeared as bursts separated by periods of total channel closure. The effect of PDE was unambiguously observed in 18 of 25 experiments. cisDiltiazem reversibly reduced but did not suppress the currents. The effect ofPDE on the cGMP-dependent activity and the effect of diltiazem on the PDE-stimulated activity in an experiment in which a single channel was observed are analyzed in Fig. 2B 5B ); then addition of cGMP induced amplified activity within afew minutes: therefore, PDE alone is unable to activate the channels. It should be noted that the concentration of PDE added was always <60 nM; even if bound cGMP (24) were added together with PDE, the amount of cGMP would be negligible. Indeed stimulation of cGMP activity by PDE was clearly observed at almost saturating cGMP concentrations (>50 A&M) and can by no means by accounted for by an increase of <0.1 ,uM cGMP (example in Fig. 2B : 60 puM cGMP/2 nM PDE).
These results suggest that, in its inactive form, PDE directly interacts with the cGMP-activated channels, increasing the probability of opening the channels in the presence of cGMP.
Activation of a Cationic Conductance in the Absence of cGMP by G Protein-Activated PDE. In the experiments described above, PDE remained inactive because the link between excited rhodopsin and PDE in the transduction chain, G protein, was missing. If G protein and GTP were also added, G protein would be activated by interaction with photoexcited rhodopsin molecules, which are present in the rod membranes, and PDE would remain activated as long as GTP was present in the chamber. Therefore, one would expect cGMP to be hydrolyzed and the channel activity to drop progressively. However cates that neither hydrolysis of GTP nor interaction between G protein and rhodopsin is required. The behavior of the channels appeared to be similar to that of the cGMP-activated channels. The potential dependence of the sodium currents in an experiment where single channel openings could be observed is shown in Fig. 4 , where'the three conductance levels measured are identical to those of the cGMP-activated channel. The probability of opening of the smaller level (7 pS), which is described as "sublevel"' in previous reports, appeared to'be increased with respect to that of the highest level (20-22 pS) at positive potentials. Channel openings corresponding to small and intermediate levels were commonly observed in other experiments where the channels were activated by proteins in the absence of cGMP (see also Fig. 6 , trace e). On the contrary, when the channels were activated by cGMP, the sublevels were rarely observed, except in the presence of cis-diltiazem (Fig. 3B) . The sublevels have been proposed (16) to correspond to partial binding of cGMP; our results suggest that the 7-pS conductance may correspond to the elementary channel unit and that, in the presence of cGMP, cooperative binding of three molecules of nucleotide (13, 14, 16) induces cooperative activation of three channel units.
In control experiments where one of the three components (PDE, G-protein, or GTP) was omitted, we checked the absence of channel opening for periods of 40-60 min after incorporation of the vesicles; addition of the missing component then induced channel activity in the absence of . Segments of the records obtained at several potentials illustrate the I-V curve from the same experiment. *, Most frequent current levels; o, less frequent levels. The three current levels correspond to conductances of 7, 13, and 20-22 pS. In this experiment, the lowest conductance (7 pS) was favored at +60 mV and +40 mV (note well-resolved events in the traces). Rhodopsin was at 5 Ag/ml; PDE, at 3.7 nM; GGTP[ySI, at 30 nM (molar ratios: PDE/rhodopsin = 3:100 and G/PDE = 8); and GTP[yS], at 1 AM.
cGMP. Incorporation was carried out in the presence of cGMP, which was washed out after observation of a stable activity. Neither G protein and GTP nor PDE alone were able to stimulate the channels (Fig. 5 ). The control experiment described above excluded the possibility that G protein itself may activate the channels (25) . It also indicates that under the conditions used, no synthesis of cGMP from GTP by guanylate cyclase occurs, since this would induce activation of the channels in the absence of added cGMP. The activity of guanylate cyclase being of the order of 1 nmol-min-'-(mg of rhodopsin)-1 in rod membranes that have been washed with low-salt buffer (26) , it would indeed take as much as 8 x 104 min to synthetize 10 tuM cGMP under the conditions of the experiment shown in Fig. 5 Fig. 6 ) and 1 ,uM (example in Fig. 4) .
The dual effect of PDE on the activation of a single channel in the same experiment is further analyzed in Fig. 6 . The currents were recorded from the same experiment as that of Fig. 2B after a thorough washing out of all channel effectors (cGMP, PDE, and cis-diltiazem). After stimulation of the cGMP-dependent activity by addition of PDE and reversal of the effect by washing out, channel activity was recovered in Table 1 should not be compared to previously reported values (16) because we did not attempt to study the fast time constants, but rather to underline the differences between the three conditions over long time periods (1-2 min).
The results described in Figs. [4] [5] [6] strongly suggest that in the absence of cGMP, activation of PDE by GGTP opens a cation conductance that is related to the same channel protein as the cGMP-activated conductance. Again, the results support the existence of a direct interaction between PDE and the channel protein, the conformation change being different when PDE is inactive vs. active.
DISCUSSION
The vesicle preparation used in the experiments reported here is likely to contain both plasma and disc membranes in the same proportion as the native rod (3-5% of plasma membrane). G protein and PDE are present on the disc membranes (4). If cGMP-dependent channels are also present in the disc membranes (5-11), our results suggest that the opening of these channels is regulated by PDE in two antagonistic ways: it is indirectly reduced by light-induced activation of PDE, which reduces the cytoplasmic cGMP concentration, and is directly favored (in a dual lightdependent manner) by interaction between PDE and the channel protein. In the dark, the channels are expected to be maximally open because of the concerted action of high cGMP level and inhibited PDE. During dark adaptation, the ionic composition of the intradiscal compartment is therefore likely to reach a steady-state level. This could be modified in a complex manner upon light excitation: (i) by interaction between activated PDE and the channel protein (direct effect) and (ii) by reduction of cGMP concentration (indirect effect), which not only affects the opening of channels in the disc membrane but also modifies the ionic composition of the cytoplasm by closing channels in the plasma membrane.
The present results could be related to a previous report (27) in which we described a light-scattering signal associated with activation of PDE in the absence of cGMP, which requires not only the presence of G protein, GTP, and PDE but also previous swelling of the discs by a dark ATPase activity (28); moreover, this signal was shown to be sensitive to ionic conditions. It is tempting to suggest that this light-induced turbidity change may be induced by ionic fluxes associated with opening of the cation conductance by activated PDE (in the absence of cGMP).
It is as yet too early to propose a role for these complex regulations of the cGMP-dependent channels. Nevertheless, it may be noted that light-induced drop of the cytoplasmic concentration of calcium seems to be involved in the termination ofthe light response (26, (29) (30) (31) (32) (33) (34) (35) . Moreover, it has been shown (31) that "about 95% of the Ca2+ entering through light-sensitive channels is sequestered by rapid and reversible buffering mechanism." The double regulation of the cation channels of the disc membrane may contribute to this control of calcium concentration in connection with the dark ATPase activity (27, 28) and with Na+/Ca2+ exchangers, which have been shown to be present also in the disc membrane (7) . If PDE were also present on the plasma membrane, it is possible that GGTP could hop from the discs to the plasma membrane at high levels ofbleaching (when few inhibited PDEs would be available on the disc membrane) and, thus, keep part of the channels open independently of further photoexcitation. This may play a role in desensitization phenomena induced by intense light.
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